A method has been developed to solubilize insulin receptors from skeletal muscles. Rat hindlimb muscles were rapidly frozen in liquid nitrogen, powdered, extracted with buffered Triton X-100, and partially purified by differential centrifugation followed by wheat germ agglutinin affinity chromatography. The solubilized receptors exhibit typical curvilinear Scatchard plots in insulin binding assays: rapid, Mn 2+ -dependent autophosphorylation of the p-subunit on exposure to insulin as well as insulin-stimulated kinase activity toward histone H2B. Furthermore, when intact soleus muscles were incubated in phosphate-depleted medium containing Na 2 H[ 
target tissue of insulin action. Regulation of the insulin receptor in muscle is of particular interest since contractile activity modulates its sensitivity and response to insulin, apparently at an early step after insulin binding. 8 Furthermore, insulin resistance of skeletal muscle, a salient feature of several pathologic conditions (e.g., type II diabetes, obesity, and uremia), appears to involve primarily defective coupling between insulin binding and response (see ref. 9 ). The methods reported here should provide a system for probing the actions of insulin and the effect of modulators of insulin action in skeletal muscle.
MATERIALS AND METHODS
Receptor purification. Male Wistar rats (Charles Rivers Breeding Laboratories, Wilmington, Massachusetts) weighing 60-100 g were decapitated after an overnight fast. Hindlimb muscles were trimmed of fat and quickly frozen in liquid nitrogen. The frozen muscle was tinely ground Yr\ a u\ot\.at ptecoo\edi \o -&0°C and \o \\ was added 3.5 vol/wt of an ice-cold buffer consisting of 25 mM Hepes,* 1 % Triton X-100,4 mM EDTA, 1 TlU/ml aprotinin, and 2 mM PMSF, pH 7.4. The frozen slurry was homogenized as it thawed in a Potter-Elvejhem homogenizer, then centrifuged at 10,000 x g for 10 min at 4°C. The resulting supernate was slowly stirred at 21 °C for 60 min, then centrifuged at 4°C (150,000 x g for 90 min), and the supernate (150K supernatant) applied to an agarose-bound wheat germ agglutinin column (WGA, =3 g original muscle weight/ml resin). The column was washed with 25 mM Hepes, 0.1% Triton X-100, pH 7.4 (buffer A, 75 ml/ml settled gel), and receptors eluted with this buffer supplemented with 0.3 M N-acetylglucosamine (WGA eluate). Typically, 1 ml WGA eluate/g original muscle weight was collected.
"Abbreviations used: Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; EDTA, ethylenediamine tetraacetic acid disodium salt; TIU, Trypsin Inhibitory Units; PMSF, phenylmethylsulfonylfluoride; WGA, agarose-bound wheat germ agglutinin; SDS-PAGE, sodium duodecylsulfate polyacrylamide gel electrophoresis; KD, kilodalton; and MW, molecular weight. Insulin binding to solubilized receptors was carried out according to Taylor et al. 10 Twenty microliters 150K supernatant or WGA eluate (100 jxl) was incubated with either 10,000 or 100,000 cpm of 125 l-insulin 11 (sp act 125 jxCiVg) in 50 mM Hepes (pH 7.8), 0.1% Triton X-100, 150 mM NaCI, 0.1 % bovine serum albumin (fatty acid free, Sigma, St. Louis, Missouri), 100 U/ml bacitracin, and varying concentrations of unlabeled insulin (3 x 1 0 l 1 t o 8 x 10" 6 M)for 16hat4°C in a final volume of 0.2 ml. The receptor was precipitated by sequential additions of 0.1 ml bovine 7-globulin (3 mg/ml) and 0.3 ml polyethylene glycol (25% wt/vol). Each point was assayed in triplicate; nonspecific binding (20-25%) was that estimated in the presence of 50 |xg/ml insulin. Specific in- sulin binding was related to the protein concentration; the latter was assayed by the Bradford procedure, 12 with 7-globulin standards. In vitro phosphorylation of purified insulin receptors. WGA eluate (50 JJLI, =0.03 mg protein) was preincubated in 25 mM Hepes (pH 7.4), 0.1 % Triton X-100, 5 mM MnCI 2 , and 0.1 % bovine serum albumin (buffer B) with or without varying concentrations of insulin for 40 min at 21 °C in 75 |xl final vol [7- 32 P]ATP was prepared using [ The reaction was stopped with 20 |xl 25 mM Hepes buffer, pH 7.4, containing 0.1% Triton X-100, 10 mM Na pyrophosphate, 20 mM ATP, and 2 mM PMSF at 4°C. Polyclonal antirat insulin receptor antibody diluted 1:500 (kindly provided by Dr. Steve Jacobs, Wellcome Research Laboratories, Research Triangle Park, North Carolina) or control rabbit serum was added and the mixture incubated overnight at 4°C. The immune complex was precipitated with Protein A (Pansorbin, Calbiochem, La Jolla, California), 6 washed three times in buffer A, and boiled for 5 min in Laemmli's sample buffer 13 with or without 5 mM 2-mercaptoethanol. In studies of the time-course of autophosphorylation and of histone phosphorylation, 14 this protocol was modified as described in the legends to Figures 3 and 4 , respectively. In situ phosphorylation of insulin receptors from solei. Solei from 18-h fasted (50-70 g) rats were removed, divided longitudinally, and mounted on stainless steel frames at resting length. Individual half-solei were incubated for 1 h at 25°C in 3 ml Earle's Minimal Essential Medium (MEM) modified to contain 0.1 mM Na 2 HPO 4 . Groups of six muscles were then transferred to flasks containing 9 ml phosphatefree MEM supplemented with 0.25-0.4 mCi/ml of 0.1 mM Na 2 H[ 32 P]PO 4 , and incubated for 3 h at 37°C. After labeling endogenous ATP pools, the muscle groups were incubated for 30 min at 37°C in 9 ml Gey and Gey's balanced salt solution (bicarbonate buffer liquid nitrogen, and each group of six muscles crushed in a glass Potter-Eljevhem homogenizer precooled in liquid nitrogen. Buffer (2 ml) containing 50 mM Hepes, 1.5% Triton X-100, 10 mM NaF, 0.2 mM Na 3 VO 4 , 10 mM sodium pyrophosphate, 40 mM ATP, 1 TILJ/ml aprotinin, 100 mU/ml bacitracin, and 2 mM PMSF, pH 7.5 at 4°C, was added and the frozen slurry homogenized as it thawed. The homogenate was centrifuged at 200,000 x g for 60 min at 4°C and the supernate applied to 0.75 ml WGA. The column was washed with 75 ml buffer A containing 5 mM EDTA, 10 mM sodium pyrophosphate, 1 TlU/ml aprotinin, and 2 mM PMSF, and eluted with 1.8 ml of this buffer supplemented with 0.3 M Nacetylglucosamine. The insulin receptor was then immunoprecipitated and washed as described above. Electrophoresis and autoradiography. Reaction samples or immunoprecipitates were applied to either a 5% (for nonreduced receptors) or 7.5% (for reduced receptor samples), or a 5-25% gradient polyacrylamide gel (for histone samples) with molecular weight standards (Sigma) according to Laemmli. 13 After electrophoresis, gels were fixed, stained with Coumassie blue, destained, and dried under vacuum. without a DuPont Lightening Plus intensifying screen. Gel slices were digested overnight at 55°C in 1 ml 30% H 2 O 2 for quantitation of radioactivity, then counted in Scintiverse (Fisher).
RESULTS AND DISCUSSION
Insulin binding by receptors solubilized from hindlimb skeletal muscle displays classic curvilinear Scatchard plots (Figure 1a) . The 150,000 x g-supernate reproducibly yielded approximately 0.4 pmol insulin binding activity/mg protein: assuming that each insulin receptor bound two insulin molecules, 16 the calculated yield was approximately 0.5 pmol solubilized receptor/g wet wt of original muscle mass. Subsequent WGA chromatography resulted in approximately 8 -10-fold purification (per milligram protein) and 75-80% recovery of binding activity (Figure 1b) .
Incubation of WGA-purified receptors with increasing concentrations of insulin and [7- 32 P]ATP followed by immunoprecipitation with polyclonal anti-insulin receptor serum revealed that insulin stimulates the incorporation of 32 P into a 95KD protein when the immunoprecipitate is electrophoresed under reducing conditions ( Figure 2 ). As reported, for other tissues, this corresponds to the p-subunit of the insulin receptor. 16 Autophosphorylation of the 95KD subunit was stimulated half-maximally at approximately 5 x 10~9 M insulin with a fourfold increase at 10~7 M insulin. Insulinstimulated phosphorylation of the 95KD subunit showed an absolute requirement for Mn 2+ (data not shown). A labeled protein with apparent MW of 130KD (a-subunit) was also observed in the immunoprecipitate, but its phosphorylation was not stimulated by insulin. Under nonreducing conditions, receptors incubated with 10~6 M insulin showed 32 P incorporation into bands with apparent MW of 360, 290, and 95KD; probably corresponding to a 2 p 2 -, a 2 pp r , and (3-subunit stoichiometries 17 ( Figure 2 , lanes I and J). Determination of the time required for autophosphorylation of the insulin receptor p-subunit ( Figure 3 ) necessitated rapid quenching of the reaction, and the concomitant denaturation of the receptor precluded immunoprecipitation. Since on autoradiograms of reduced gels only the 95KD protein showed increased labeling after addition of insulin, we were confident that this was the (3-subunit of the insulin receptor (Figure 2 , lanes G and H). The ti for autophosphorylation in the presence of 5 mM MnCI 2 and 5 |xM ATP was approximately 100 s; maximal phosphorylation remained relatively constant between 4 and 10 min, and gradually decreased thereafter.
Insulin-induced autophosphorylation of the receptor, probably through an intramolecular event, 18 stimulates its activity as a kinase toward exogenous substrates. 1419 This property was also observed with insulin receptors purified from skeletal muscle, using histone H2B as the exogenous substrate ( Figure 4) . The incorporation was linear for 5 min but decreased by 15 min, suggesting the presence of phosphoprotein phosphatase activity. The phosphorylation events probably occurred on tyrosine residues since incubation of gels in 0.5 N NaOH did not diminish the 32 P content of the 95KD protein nor that of histones (data not shown). Mild base treatment has been reported to selectively hydrolyze phosphoserine and phosphothreonine residues, leaving most phosphotyrosine residues intact. 20 Long-term incubation of soleus muscle in phosphate-poor minimal essential medium supplemented with [ 32 P]PO 4 was required to equilibrate endogenous ATP pools with 32 P. Preliminary experiments showed that even after 4 h in low-phosphate medium, solei were still responsive to 10 mU/ml insulin as shown by a fourfold increase in [ 14 C]-glucose incorporation into glycogen (data not shown). By quickly freezing, grinding, and homogenizing muscles that were incubated for 3.5 h with [ 32 P]PO 4 , the last | h with or without insulin, we were able to observe an approximately twofold increase in 32 P labeling of the insulin receptor (3-subunit of muscles stimulated with insulin ( Figure 5) .
As alluded to above, the most common conditions associated with insulin resistance of skeletal muscle have been classified as postreceptor events, since decreased insulin binding could not account for the observed decrease in insulin sensitivity and/or response. However, intact insulin binding (primarily a function of the a-subunit) does not preclude the possibility of receptor abnormalities (of structure or function due to an altered microenvironment) that may result in impaired propagation of signals. subgroup of patients with type A insulin resistance, insulin binding to monocytes was normal, but insulin-mediated receptor autophosphorylation was impaired. 21 The demonstration of insulin stimulated in situ phosphorylation of the 0-subunit of the insulin receptor in intact muscles and the easy availability of solubilized receptors from this tissue should further the investigation of factors that modulate receptorfunction coupling in muscle, such as disuse and exercise.
